Well-documented stability studies on iron-fortified food are limited due to the complexity of ingredients and processing methods. Here, we performed a comprehensive stability evaluation on iron-fortified milk powder with various iron contents and packaging methods. Free fatty acid increased gradually over a 9 month storage period in both iron-fortified and non iron-fortified formulas, regardless of the packaging methods. Thiobarbituric acid (TBA) value level remained stable in anaerobic packaging condition but increased in aerobic condition. Lipid oxidation was highest in Fe(III)-fortified formula. We showed significant increment of browning reactions, moisture and water activities in aerobic condition, especially in iron-fortified formulas, while no significant changes in anaerobic-packaged formulas. Scanning electron microscopy (SEM) showed highest porosity in Fe(III)-fortified formula. Our results showed Fe(III)-fortified formula has the lowest stability in aerobic condition but its stability improved significantly with vacuum/anaerobic packaging. Thus, our studies contribute to understanding and improving the processing and quality of iron-fortified food.
Introduction
Iron deficiency is one of the most common nutritional deficiencies and the leading cause of anemia worldwide, particularly among young children, adolescents, and women of menstrual age. Thus, iron-fortified food is highly recommended in our daily diet. Milk is nutritious but has extremely low iron content (0.2 g/kg) (Flynn, 1992) ; hence milk formulas are commonly iron-fortified. However, iron compounds that are used to fortify formulas can induce lipid oxidation, cause unwanted browning reaction, and reduce the shelf life of food (Hurrell, 1984) .
Firstly, iron and vitamin C or E in the presence of oxygen and lipid substrates will form reactive oxygen species (ROS) via Fenton chemistry. Polyunsaturated fatty acid (PUFA) supplements such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) commonly added to formulas are also highly susceptible to oxidation. Lipid oxidation can produce hydroperoxides that are harmful to humans, besides changing food taste, odor, and nutritional value after certain storage period (Vichi et al., 2003) . Romeu-Nadal et al. (2007) indicated that PUFA content and duration of storage are two important factors to determine the oxidation stability of milk powder.
Browning reaction is another potential problem for milk powder, affected by its composition, storage temperature and duration (Van, 1998) . In browning reaction, Amadori product form cross-links between proteins or other amino groups and give rise to polymeric aggregates called advanced glycation end products (AGEs) (Morales et al., 1996) . In dairy products, AGEs can affect milk protein quality (lysine loss), color, flavor, and can be mutagenic (Van, 1998) .
Iron bioavailability of iron-fortified milk depends on factors such as its chemical form (ferrous, Fe(II) or ferric Fe(III)), composition of milk (eg. casein and whey protein ratio), and presence of other components (eg. lactose, vitamins, minerals, oligosaccharides, and PUFA) which may alter iron absorption and its physiological state (Chen et al., 2008; Lin et al., 2007; Yeh et al., 2009) . Fe(II) such as ferrous sulfate or ferrous gluconate showed higher bioavailability than Fe(III) in vivo or in vitro (Hurrell, 1984; Lin et al., 2007) . Chen et al. (2008) reported that vitamin E may induce reduction of Fe(III) to Fe(II) and responsible for high Enterprise; Sin Taipei, ROC) and packed in either aerobic or anaerobic condition (vacuum packed at −0.09 Mpa; equilibrium relative humidity at 65 ± 3%). All samples were stored at room temperature (25 ~ 30℃) in the dark for a duration of 9 months. Samples were analyzed at the beginning of storage (0 day) and each month for 9 months. Opening and analyzing one sample per month, and not resealed and reanalyzed the same bag of sample over 9 month.
Determination of Thiobarbituric Acid-Reactive Substances (TBA) TBA value was measured according to Raghuveer et al. (2002) and Friel et al. (2007) with modification. In brief, 1 g of milk powder sample was mixed with 9 mL of deionised water and 10 mL of 20% (w/v) trichloroacetic acid (TCA) in a glass screw-top test tube, vortexed, and centrifuged at 8,000 rpm for 15 min to precipitate its proteins. Supernatant (5 mL) was transferred into a test cell with 2-thiobarbituric acid, mixed well, and heated in a boiling water bath for 20 min. Sample was then cooled to 20℃ before measuring at 535 nm absorbance with a spectrophotometer (Perkin-Elmer Lambda 2; Minnesota, USA).
Evaluation of Free Fatty Acid Content Free fatty acid content was measured according to the Association of Official Analytical Chemists (AOAC, 1995) . Five grams of sample were placed in a 200 mL beaker and 125 mL of ethanol/ethyl ether solvent and 5 drops of phenolphthalein were added to dissolve the sample. Sample was titrated with 0.1 mol/l potassium hydroxide until changing to light pink color and then held for 20 s. Titration quantity was recorded to calculate the free fatty acid content.
Measurement of Browning Index Browning index was measured according to Ferrer et al. (2005) with slight modifications. After 20% (w/v) trichloroacetic acid (TCA) precipitation of protein, vortexed, and centrifuged, supernatant was transferred into a test cell. Browning index was measured at 420 and 530 nm with a spectrophotometer (Perkin-Elmer Lambda 2; Minnesota, USA).
Assessment of Color The surface color of each milk bioavailability of iron in iron-fortified milk powder in vitro. Chen et al. (2007) found that EPA has higher bioavailability than other PUFA supplements in iron-fortified milk powder. Although iron bioavailability of milk powder has been widely reported, well-documented studies on stability of iron-fortified milk powder are scarce due to the complexity of ingredients and processing methods. Nowadays, most of iron sources available as dairy fortificants are based on their bioavailabilities. The success of iron fortification should depend on delivering a meaningful level of iron bioavailability without affecting the quality of the finally consumed products. In addition, the shelf-life of milk powder products is always above 8 month and often storage in aerobic condition at room temperature during the expense. Thus, how to evaluate the best shelf-life of iron fortified milk powder products is important to consumers. Here, we performed a comprehensive stability study on iron-fortified milk powder by evaluating its free fatty acid, thiobarbituric acid (TBA), moisture and water activity, browning index, color, advanced glycation end products (AGEs), and microstructure in various iron contents and aerobic vs. anaerobic condition.
Materials and Methods
Samples of Iron-Fortified Milk Powder This was a multi-prong study designed in a 5 × 2 × 9 format, using commercial whole milk powder (WMP) as basic ingredient, simultaneously evaluating 5 different milk powder compositions (Table 1) with 2 different packaging methods within a 9-month storage period. Whole milk powder was purchased from Hunter OAK Industries (Nan Chong Hong Ltd., Taipei, ROC). Ferrous sulfate (FeSO 4 ) was purchased from Sigma (USA) while ferric chloride (FeCl 3 ) was supplied by Fluka (USA). Vitamin E and EPA was supplied by Gemfont (Taipei, ROC). All reagents and solvents were of analytical grade.
Packaging and Storage Conditions After iron and functional additives fortification, each milk powder sample (150 g) was placed in a 250 g aluminum bag (Full Delta T.a. lee et al. Moisture content was determined by incubating each sample (1 g) at 105℃ for 5 h in triplicate while water activity was measured at room temperature using an Aqua Lab CX-2 (Aqua Lab, WA, USA). Assessment of Microstructure Scanning electron microscopy (SEM; JSM-6300, JEOL, Japan) was used to investigate the porosity and physical change in the milk powder at 200 X, 500 X, and 1000 X (vacuum at 10 -3 pa; temperature at 2800 K). Statistical Analysis Data from each experiment were analyzed by analysis of variance (ANOVA) using an SAS program v.8.1 (SAS Institute; NC, USA), and differences among each group were determined by Duncan's multiple test at P < 0.05 as statistically significant.
Results
Lipid Oxidation The effect of iron fortification on lipid oxidation in milk (as measured by the TBA value and free fatty acid test) during storage are shown in Fig. 1A and 1B. In aerobic condition ( Fig. 1Ai ), after 9 month of storage, powder sample was measured by a Hunter Labscan II colorimeter (Virginia, USA) in triplicate.
Analysis of Advanced Glycation End Products (AGEs) AGEs compounds were measured by fluorescence spectroscopy according to Ferrer et al. (2005) with modifications. Each milk powder sample was reconstituted in 20% (w/v) of distilled water to obtain a solution containing 0.02 − 0.05 g of protein/mL. Reconstituted sample (1.5 mL) was added to 0.4 mL proteinase solution (20 units/mL of papain, a cysteine protease), followed by incubation with shaking at 40℃ for 30 min. Solution was centrifuged at 8,000 rpm for 10 min at room temperature, and 200 μL of the resulting supernatants was diluted with 10 mL of saline buffer (pH 7.2). Fluorescence values were measured at the following excitation and emission wavelengths: AGE (λex 347 nm; λem 415 nm); pentosidine (λex 335 nm; λem 385 nm); pentodilysine (λex 366 nm; λem 440 nm); cross-link (λex 379 nm; λem 463 nm); pyrropyridine (λex 370 nm; λem 455 nm); and argpyrimidine (λex 320 nm; λem 382 nm).
Measurement of Moisture Content and Water Activity
Stability of Iron-Fortified Milk Powder in all samples in both aerobic and anaerobic conditions after 9 month of storage ( Fig. 1Bi -ii) (P < 0.05). Free fatty acid increased dramatically from 0.02% to 0.14% in Fe(III)-fortified milk powder in aerobic condition, and had the highest value among the five groups of sample from 0 to 9 months. In general, free fatty acid content was significantly higher in iron-fortified than non iron-fortified formulas. Figure 2A and 2B showed the browning index of 5 different groups of Fe(II), Fe(III), and Fe(II)/Fe(III) mixture showed 1.75, 3.84, and 1.7 fold of TBA increment from their initial values, reaching the values of 0.70, 0.17, and 0.49 respectively, compared with 0.09 of TBA value in control (no iron added). In anaerobic condition (Fig. 1Aii) , there was no significant changes of TBA value during the storage period (P < 0.05). Fe(III)-fortified sample had the highest TBA value in both aerobic and anaerobic conditions, in comparison with other samples. An increment in free fatty acid content was found to dark cocoa brown. At the end of storage period, the order of sample with the darkest to the lightest brown was as Fig. 3A − 3F . The fluorescence intensity of AGE, pentosidine, pentodilysine, crosslink, pyrropyridine, and argpyrimidine increased gradually in all samples during the storage duration in aerobic condition but remained constant in anaerobic condition aerobic condition.
Changes of Color and Browning Reaction
Moisture Content and Water Activity In aerobic storage condition, a drastic increase (~ 2 fold) of moisture content was observed in all samples during the first month, then increased gradually and/or became plateau eventually (Fig.  4Ai) . Interestingly, Fe(III)-fortified formula has a significant change (P < 0.05) and the highest moisture content after 9 months. In contrast, there were no significance changes in samples stored at anaerobic condition (Fig. 4Aii) . Water activity was constant in all samples in both storage conditions, except a gradual increment for Fe(III)− and Fe(III)/Fe(II)− formula stored in aerobic and anaerobic condition, at 420 and 530 nm absorbance. In aerobic condition, browning index was constant in non iron-fortified formulas (control and Vit. E+EPA added only) over 9 month of storage duration, while the index increased significantly in all iron-fortified formulas (P < 0.05). In contrast, there were no significant changes in all formulas under anaerobic condition (Fig. 2Aii and 2Bii) .
Color measurements were expressed as the Hunter Labvalue and showed as color displays in the relation between L (0, black; 100, white), a (+, red; −, green) and b (+, yellow; −, blue). To evaluate the color changes, the following equation was applied: ΔE = (ΔL *2 + Δa *2 + Δb *2 ) 1/2 . ΔE obtained for each sample stored at aerobic and anaerobic condition and their corresponding linear regression models were presented in Fig. 2Ci- 
tion products (Leland and Lahiff, 1987) . Our results showed higher lipid oxidation level in iron-fortified than non ironfortified milk, regardless of iron type and storage condition. In spite of no linear relationship with the concentration of Fe(III), the initial TBA values of milk powder samples were different, especially much higher in Fe(III) samples. This may be explained by the activities initiated by the hygroscopic nature of Fe(III) during sample preparation procedure, affecting the initial TBA. Moreover, in aerobic condition, TBA value in all iron-fortified formulas (Fe(II), Fe(III), and Fe(II)/Fe(III)) increased over the storage period. This result is similar to the observation by Rice and Mcmahon (1998) who used ferric chloride as additives in Mozzarella cheese and found its TBA value increased after 14 days of storage. Oxidation occurs by Fenton reaction, combining ferrous iron and hydrogen peroxide to induce a series of catalytic chain reactions and forming free radicals, while ferric iron can also be reduced to ferrous and recycled to continue the chain reactions (Almaas et al., 1997) . These free radicals can react and oxidize target molecules such as milk fat and fortified samples from 6 months onwards in aerobic condition (Fig. 4Bi) . Microstructure Observation SEM showed microstructure changes and differences between control and ironfortified milk powder samples after 9 month of storage ( Fig.  5A-C) . All samples showed agglomeration. There were no significant differences between control and Fe(II)-fortified sample, while broken pieces and more porosity were observed in Fe(III)-fortified formula (Fig. 5C ).
Discussion
The aim of this study was to evaluate the stability of milk powder with different additives, especially iron, in aerobic and anaerobic packing condition, for 9 months of storage period.
It is known that oxidation often increased with storage time, and eventually downgraded the quality of milk powders (Ferrer et al., 2005; Celestino and Roginski, 1997) . Metal ions such as copper or iron are known to promote lipid oxidation, which can give rise to several secondary oxida- recommended when packing iron-fortified and PUFA-added milk powder. Fe(III) from ferric chloride is highly hygroscopic. This may explain the significantly higher moisture content and water activity in Fe(III)-and Fe(II)/Fe(III)-fortified samples (P < 0.05) compared with others in aerobic condition. These may also contribute to the higher oxidation rate in these sam-EPA, a polyunsaturated fatty acid (PUFA) used in our study. Free fatty acid in both iron-fortified and EPA+Vit E treatments gradually increased over 9 months of storage period, regardless of storage condition. However, we showed TBA values remained stable (P > 0.05) in anaerobic packaging, suggesting minimal lipid peroxidation of fatty acids during this storage period. Therefore, anaerobic condition should be Stability of Iron-Fortified Milk Powder (Leclère and Meli, 2002) , particularly the formation of carboxymethyllysine (Ahmed and Baynes, 1986) . Additives such as ferrous bisglycinate and ferrous fumarate are known to cause brown, grayish brown, and dark green color in chocolate milk and baby cereal products (Mehansho, 2006; Bosch et al., 2007) . Maillard reaction, taking place between a-amino groups and reducing sugars, is the most important cause of browning in milk powder (O'Brien and Morrisey, 1989) . The initial steps of the Maillard reactions are accompanied by loss of the essential amino acid lysine and production of water as a reaction product, before amadori rearrangement and eventually polymerization to give the distinct yellow or brown color. Our preliminary data showed that lysine content in ironadded milk powder decreased as storage time increased and hence the linear associated on change of color (ΔE value) and storage period. The same observation has been reported in another study on infant formulas (Ferrer et al., 2005) .
AGE compounds in milk and milk-resembling systems were published by Ferrer et al. (2000) and Morales et al. (2001) . The intensity of fluorescence (λex 340 − 370 nm and λem 420 − 440 nm) of AGEs products is widely used as a marker for the level of AGE-modified protein and, each AGE compound has its individual meaning (Ferrer et al., 2005; Morales and Jiménez-Pérez, 1996) . To interpret the changes at the final stage of Maillard reaction, fluorometric measurements were carried out at wave lengths reported in the literature (Morales and Van, 1997) , which corresponded to each individual compounds as well as all compounds at 347/415 nm. Pyrropyridine is a product resulting from the interaction of 3-deoxyglucosone with lysine and 3-deoxyosone pathway is not specific for disaccharides (such as lactose in milk) (Van, 1998) . Argpyrimidine is formed by the reaction between methylglyoxal (Maillard reaction intermediate products) and arginine residues (Morales and Van, 1997) . Pentodilysine (366/440 nm) is a product of the reaction between lysine and pentoses or ascorbic acid (Morales and Van, 1997; Graham, 1996) . Pentosidine is a fluorescent cross-link compound (five carbon sugar covalently linking lysine to arginine) which identified pentoses such as ribose, glucose, fructose, ascorbate, amadori compounds, and 3-deoxyglucosone. Pentosidine can be found in dairy products and subjected to a thermal treatment, originating from the decomposition of the amadori product from 3-deoxyosone pathway (Ferrer et al., 2005; Henle et al., 1997) . However, our result showed very low pentose in our milk samples. Thus, the formation of pentodilysine or pentosidine by Maillard reaction was very unlikely and could originated from a different route.
Increased in fluorescence intensity can be related to therples. This study was conducted at ambient temperature with 65 ± 3% relative humidity (RH). We surmised that drastic changes in temperatures in the 7 th month, which was middle of summer, may be one of the factors influencing the water activity in aerobic storage condition. Water sorption ability of milk powder is also known to increase as a result of lactose crystallization reaction between 40% to 70% RH, reaching its max rate at 70% RH in aerobic condition (Jouppila et al., 1997) . This chemistry may also affect the water activity of our experiments in aerobic condition. After 9 months of storage, the moisture content of Fe(III)-fortified milk powder exceeded the 5% standard set by the Chinese National Standard of Taiwan (CNS 5072) for edible, modified milk powder. In contrast, there were no significant changes in both moisture content and water activity in all samples, including iron-fortified formulas, in anaerobic condition, over the 9 month storage period. Thus, our results again emphasized the importance of anaerobic packaging to minimally reduce moisture and water activity in iron-fortified milk powder.
Using scanning electron microscopy, we showed that Fe(III)-fortified milk powder has the highest amount of broken particles and hence porosity. This is probably the result of hygroscopic property of Fe(III) explained above, causing high moisture content and water activity, and eventually higher lipid oxidation rate and browning effect. Our results is concordance with reports from Stapelfeldt and Skibsted (1997) who found that high water activity (> 0.33) may change milk powder structure, leaving lipids more accessible to oxygen for oxidation process, and increases the TBA values.
Maillard reaction of milk powder can be determined by color, browning index, and advanced glycation end products (AGEs). In milk powder products, one of the main causes of deterioration during storage is non-enzymatic browning, regardless of the presence of oxygen, as enzymatic browning is eliminated by heat treatment during processing (Baechler et al., 2005; Thomsen et al., 2005) . Browning chemistry such as amadori rearrangement condenses with nitrogenous compounds and polymerizes to give brown pigments (Yaylayan, 1990 ). Hence, color changes of samples by browning development can be determined by using two-color measurement methods: UV-VIS spectrophotometer at 420 and 530 nm. Color changes (ΔE) of Fe(III)-fortified milk powder increased during aerobic storage condition (R 2 = 0.842). Interestingly, the absorbance at 530 nm also showed the tendency to increase under anaerobic conditions. We hypothesized that this was due to pigments forming by non-enzymatic browning reaction that was different from the aerobic chemistry and this needs further clarification and studies. Changes in the Lab-values corresponded with changes 533.
mal treatment, inducing cross-link formation with amino acids and causing color changes in milk powder (Siegl and Henle, 2000) . In contrast, a contradicting report by Ferrer et al. (2005) indicated that temperature and time of storage in general has no significant effect on the development of fluorescence emission intensity and browning index in infant milk powder during 2 years of storage. Here, we presented the first comprehensive studies of fluorescence compounds in iron-fortified milk powder. We showed intensity of AGE fluorescent compounds depended on storage time, formula, and oxygen content. In aerobic condition, all 6 fluorescent compounds (AGE, pentosidine, pentodilysine, cross-link, pyrropyridine, and argpyrimidine) increased over time regardless of the formula (non-additives, iron-fortified, or PUFA-added only), statistically significant effect of storage time on fluorescence values. However, like color change and browning index, there were no significant changes in the AGE compounds in all formulas under 9 months of anaerobic storage condition. Thus, our study provided the evidence that anaerobic packaging can minimize the Maillard reaction of non-additives, iron-fortified, and PUFA-added only milk powder for a period of at least 9 months. It can be a common dilemma for food companies whether to enhance their products with iron, as iron-fortified food are known to change color or flavor over a certain period of time and become unattractive to consumers. Thus, it is important to study the stability of iron-fortified food over time. Here, we showed that Fe(III)-fortified milk powder with FeCl 3 has the highest TBA value, free fatty acid, moisture, water activity, browning index, color change, AGE compounds, and porosity in aerobic packaging over a period of 9 months, suggesting its least stable condition. Therefore, Fe(III) should be avoided partially if not completely and replaced by Fe(II) which provides higher food stability. In addition, we showed strong evidence that the overall lipid oxidation and Maillard reaction can be minimized in milk powder, especially ironfortified formulas, by using anaerobic/vacuum packaging method. In summary, avoiding Fe(III) fortification and using anaerobic packing condition can minimize the oxidation and Maillard effect to improve the stability of iron-fortified milk powder.
